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Experimental Investigation and Thermodynamic Calculation
of the Phase Equilibria in the Cu-Sn and Cu-Sn-Mn Systems
X.J. LIU, C.P. WANG, I. OHNUMA, R. KAINUMA, and K. ISHIDA
The phase equilibria in the Cu-rich portion of the Cu-Sn binary and Cu-Sn-Mn ternary systems have been
determined using the diffusion-couple method, differential scanning calorimetry (DSC), high-temperature
electron diffraction (HTED), and high-temperature X-ray diffraction (HTXRD) techniques. The present
experimental results on the binary Cu-Sn system show the presence of the two-stage, second-order reac-
tion in the bcc-phase region, rather than a two-phase equilibrium between the disor-
dered bcc (A2) and the ordered bcc (D03) phases, as reported before. Phase equilibria in the Cu-Sn-Mn
ternary system in the composition range of 0 to 30 at. pct Sn and 0 to 30 at. pct Mn at 550 °C, 600 °C,
650 °C, and 700 °C have been determined, and a ternary compound (Cu4MnSn) with a very small sol-
ubility has been detected. A thermodynamic analysis of the Cu-Sn-Mn ternary system including the Cu-Sn
and Mn-Sn binary systems has also been carried out by the CALPHAD (Calculation of Phase Diagrams)
method, in which the Gibbs energy of the bcc phase is described by the two-sublattice model in order
to take into account the second-order A2/B2 ordering reaction. A consistent set of optimized thermody-
namic parameters for the Cu-Sn-Mn system for describing the Gibbs energy of each phase results in a
better fit between calculation and experiment.
A2 → B2 → D03
I. INTRODUCTION
COPPER-TIN alloys, also known as tin bronzes, have
been widely used in many applications for a long time because
of their wide range of desirable properties. Most recently, a
number of investigations have been carried out to design
Pb-free Sn-based soldering alloys for microelectronics appli-
cation. The fact that such Pb-free Sn-based soldering alloys
are to be used in establishing electrical contacts between met-
als, of which one is invariably copper, means that an accu-
rate knowledge of the phase equilibria in the Cu-Sn base
alloys is very important for understanding the reaction
between the Cu substrate and the Sn-based solders. How-
ever, from the available reviews on the phase diagram,[1–4]
it is clear that the Cu-Sn phase diagram is based on the
experiments performed before 1940, mainly by means of
thermal analysis and metallography.[5–16] Figure 1 is the Cu-Sn
binary phase diagram from the review by Saunders and
Miodownik,[3,4] showing a narrow    region in the Cu-
rich portion where the  (A2) and  (D03) phases co-exist.
A careful reappraisal of the earlier results raises the follow-
ing questions.
1. / phase equilibrium: Some of the crucial results on the
/ phase equilibrium in the Cu-rich portion show that there
are discrepancies in the earlier results.[5–10] Hamasumi and
Nishigori[9] first reported the existence of a second-order
reaction on the basis of their thermal-expansion and thermal-
resistance experimental results. They, however, retracted
this conclusion in their later work.[10] The / two-phase
region was subsequently drawn based only on thermal-
analysis results.
2. Crystal structures of the  and the  phases: The crystal
structures of the  and the  phases, determined by
different workers, are not in agreement with each other.
According to Pearson,[17] the  phase has the D03 super-
lattice structure and the  phase has the disordered bcc
A2 structure, while Nishiyama and Horikawa[18] and
Knodler[19,20] claimed that the  phase also has the D03
structure.
In the case of the Cu-Sn-Mn ternary system, since
Heusler et al. reported the ferromagnetic properties of the
Cu2SnMn alloys in 1903,
[21] many studies were carried out
to correlate the magnetic properties and crystal structure
of the particular composition.[22–25] However, investiga-
tions on the phase equilibria in this system as a whole were
very few, and very little information exists on the isother-
mal sections for this system. The phase equilibria in the
Cu-Sn-Mn system were reviewed by Chang et al.[26] and
compiled by Villars et al.[27] The solid phases reported in
the three constituent binaries of the Cu-Sn-Mn system are
listed in Table I.
The purpose of the present study is to determine the
phase equilibria associated with the bcc phase in the Cu-
rich portion of the Cu-Sn and Cu-Sn-Mn systems using the
diffusion-couple method, differential scanning calorimetry
(DSC), high-temperature electron diffraction (HTED), and
high-temperature X-ray diffraction (HTXRD). Thermody-
namic calculation of the Cu-Sn-Mn system, including the
Cu-Sn and Sn-Mn binary systems, was also carried out.
II. EXPERIMENTAL PROCEDURE
Binary Cu-Sn and ternary Cu-Sn-Mn alloys were pre-
pared in alumina crucibles by melting electrolytic copper
(99.99 pct), manganese (99.9 pct pure), and tin (99.97 pct
pure) in a high-frequency induction furnace under an
argon atmosphere. The compositions of the alloys were
determined by chemical analysis and energy-dispersive
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A. Determination of Phase Equilibria
The phase equilibria in the Cu-Sn binary and Cu-Sn-Mn
ternary systems were determined by the liquid/solid diffusion
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Table I. Stable Phases in Three Binary Systems and the Thermodynamic Models Used in the Present Work
Strukturbericht Model Used in This 
System Phase Desigation Prototype Modeling Phase Study*
Cu-Mn Cu, Mn A1 Cu fcc SSM
Mn A2 W bcc TSM
Mn A13 Mn Mn SSM
Mn A12 Mn Mn SSM
Cu-Sn  A1 Cu fcc SSM
 A2 W bcc TSM
** D03 BiF3 bcc TSM
 — Cu41Sn11 Cu41Sn11 TSM
 — Cu10Sn3 Cu10Sn3 TSM
 — Cu3Sn Cu3Sn TSM
 B81 NiAs — TSM
’ — — — TSM
Sn A5 Sn Sn SSM
Sn A4 diamond Sn SSM
Mn-Sn Mn3Sn D019 Ni3Sn Ni3Sn TSM
Mn2-xSn B82 Ni2In Mn2-xSn TSM
MnSn2 C16 Al2Cu MnSn2 TSM
Mn3Sn2 — Ni3Sn2 Mn3Sn2 TSM
*SSM: substitutional solution model, and TSM: two-sublattice model.
**New results are given in the present work (refer to text).
Fig. 1—The Cu-Sn Phase diagram reviewed by Saunders and Miodownik.[3,4]
spectroscopy (EDS). The as-cast alloys were sealed in quartz
tubes under vacuum and then solution treated at 800 °C for
24 hours.
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couple and metallographic methods and by microanalysis
using EDS. Pure Cu or Cu-(5, 10, or 15) at. pct Mn alloys
and pure Sn were used to prepare solid/liquid diffusion cou-
ples. The method of preparation of diffusion couples and
the examination of the phase equilibria were identical to the
ones described in previous articles.[28,29] The diffusion cou-
ples were sealed in transparent quartz capsules and equili-
brated in the temperature range of 550 °C to 730 °C for 0.5
to 1 hour and then quenched in iced water. An etchant of
the composition (10 g FeCl3, 25 mL HCl, and 100 mL H2O)
was used for metallographic examination.
B. Determination of Order-Disorder Transition
Temperatures
Following optical metallographic examination of the
quenched diffusion couples, the concentration-penetration curve
for each element was determined by EDS along the diffu-
sion-flux direction in each diffusion couple. The composition
associated with the sharp change of curvature in the concen-
tration profile corresponds to the critical composition of order-
ing.[29] This change in curvature arises from the difference in
diffusivity of the atoms in the ordered and the disordered
phases.
Results from DSC experiments were also used to deter-
mine the critical temperature of ordering. The DSC runs
were conducted at a heating and cooling rates of 3 °C/min
or less on specimens kept in a flowing argon atmosphere
with sintered Al2O3 as a reference. The HTED examinations
were carried out on thin foils prepared by jet polishing in a
solution consisting of 250 cm3 phosphoric acid  250 cm3
ethanol  50 cm3 propanol  500 cm3 water  5 g urea.
Powder specimens fixed on a platinum heating stage were
analyzed by XRD techniques using Cu K radiation to iden-
tify and characterize the phase present at high temperatures.
III. THERMODYNAMIC MODELS
A. Solution Phases
Gibbs energies of the liquid, fcc, Mn, Mn, Sn, and
Sn phases were formulated using the substitutional-solution
model. According to this model, the integral molar Gibbs
energy of a phase 	 in a ternary system is given by
[1]
where is the Gibbs energy of the pure element i in the
structural state 	, and is the excess molar Gibbs energy.
The excess Gibbs energy of the ternary system can be written
in the Redlich–Kister format[30] as
where and correspond to the interaction



















































and and are temperature-dependent param-
eters, which are estimated on the basis of the available ther-
modynamic and phase-diagram data.
B. The Bcc Phase
In order to describe the ordering in the bcc phase, the Gibbs
energy of the bcc phase was described on the basis of the
two-sublattice model proposed by Hillert and Staffansson,[31]




s represents the site fraction of constituent i in the
sublattice s, and the °Gi:j term expresses the Gibbs energy
of formation of the compounds constituting the solution,
which may be real or hypothetical. The parameter mLi,j:k varies
with temperature, which is assessed in the present work.
C. Compound Phases
Since the compound phases in the Cu-Sn and Mn-Sn binary
systems show no or very small solubility, they were treated
as stoichiometric line compounds. The solubility of these
compounds in the Cu-Sn-Mn ternary system was ignored,
because no reliable experimental data were available.
The Gibbs energies of formation of the stoichiometric
phases CupSnq and MnpSnq in the Cu-Sn and Mn-Sn sys-
tems were written as
[4]
[5]
where and express the Gibbs energies of
formation of the compound phases CupSnq and MnpSnq in
the Cu-Sn and Mn-Sn systems, respectively. The lattice sta-
bilities of the pure elements Cu, Sn, and Mn were taken from
Dinsdale.[32]
Although the Cu2MnSn Heusler phase in the Cu-Sn-Mn
system was reported as being a ferromagnetic compound,
the magnetic contribution to the Gibbs free energy was not
considered in the present calculation, because this magnetic
transition occurs only at lower temperatures.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. The Cu-Sn Binary System
A typical example of a Sn concentration profile in the Cu/Sn
diffusion couple annealed at 700 °C is shown in Figure 2.
According to the Cu-Sn phase diagram (Figure 1), three phase
boundaries, i.e., /, /, and /liquid, should be formed in
°GMnpSnq°GCupSnq
for the Mn-Sn system
GMnpSnq 
 °GMnpSnq  p°GMn
aMn  q°GSn
bSn
 for the Cu-Sn system
GCupSnq 
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absence of a clearly defined change in the composition gra-
dient corresponding to the B2/D03 transition. The DSC runs
on the Cu-16.9 at. pct Sn, Cu-19.9 at. pct Sn, and Cu-22.3 at.
pct Sn alloys were carried out to determine the critical tem-
peratures of the B2/D03 transition. Figure 3 shows the DSC
trace for the Cu-16.9 at. pct Sn alloy. An endothermic peak
is observed at 649 °C, which is deduced to be the B2/D03
ordering-transition temperature on the basis of following
corroborating evidences. An HTED in-situ observation was
performed to verify the phase structure. Figure 4 shows the
diffraction patterns of the Cu-16.1 at. pct Sn alloy treated
at 550 °C and 675 °C, respectively. From Figure 4(a), the
(111) superlattice diffraction indicating the D03 ordered struc-
ture could be observed at 550 °C, whereas at 675 °C, the
(001) superlattice diffraction indicating the B2 ordered struc-
ture is observed. These results show that the B2/D03 tran-
sition temperature is located between 675 °C and 550 °C in
this couple. However, only two phase boundaries were
observed. In Figure 2, two composition discontinuities corres-
ponding to the / and /liquid interfaces can be observed
clearly, but there is no such abrupt discontinuity corresponding
to the / phase equilibrium. However, the Sn-concentration
slope changes sharply at a point before the /liquid interface,
suggesting that this change in slope is due to the difference
in interdiffusivity of atoms in the A2 and B2 structures,[29]
thus locating the composition of the A2/B2 second-order tran-
sition at that point. Although the earlier results indicated the
existence of the / two-phase region,[5–10] it was suspected,
because it was not always easy to make a clear-cut distinction
between first-order and second-order phase transitions only
on the basis of thermal-analysis techniques. By combining
with the results of HTXRD, it can be suggested that an A2/B2
second-order transition, rather than the    two-phase
region, exists in the Cu-Sn binary system.
The B2/D03 critical ordering temperatures could not be
determined by the diffusion-couple method because of the
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Fig. 3—DSC trace from a specimen of the Cu-16.9 at. pct Sn alloy at a
heating rate of 3 °C/min.
Fig. 4—Diffraction patterns of the Cu-16.1 at. pct Sn alloy treated at (a) 550 °C and (b) 675 °C with electron beam direction [110].
Fig. 2—Concentration profile of Sn in the Cu/Sn diffusion couple at 700 °C
for 1 h, showing an order-disorder transition.
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by the present work is seen to be very close to the / two-
phase equilibrium line shown in the earlier diagrams.
B. The Cu-Sn-Mn Ternary System
The isothermal ternary sections of phase equilibria, includ-
ing the ordering transition at 550 °C, 600 °C, 650 °C, and
700 °C in the Cu-rich portion of the Cu-Sn-Mn system deter-
mined in the present study, are listed in Table IV and shown
in Figure 7. A typical example of the profiles of Sn and
Mn concentrations in the Cu-10 at. pct Mn/Sn diffusion cou-
ple treated at 700 °C for 10 hours is shown in Figure 8. The
sharp change in the composition gradient of Sn and Mn in
the bcc phase is again observed, corresponding to the A2/B2
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Fig. 5—DSC trace from a specimen of the Cu-12 at. pct Sn alloy at heat-
ing (1 °C/min) and cooling (3 °C/min) rates.
Fig. 6—Phase equilibria in the Cu-rich portion of the Cu-Sn system with
an A2-B2-D03 two-stage ordering in the region of the bcc phase deter-
mined by the present work.
this alloy. The HTXRD experimental results also confirm
the B2/D03 ordering transition, in good agreement with the
results obtained by the previously described methods,
although some extra oxide peaks appear in the patterns. In
the previous studies, the crystal structures of the  and 
phases were only determined on the basis of XRD and elec-
tron diffraction for quenched samples. As mentioned in the
Introduction, the different conclusions for the structures of
the  and  phases still remain, which may be because the
phase transformation may occur when the samples are
quenched. Therefore, it should be said that the present results
on the basis of HTED and HTXRD are more reliable than
those reported previously.
On the basis of the present experimental results, the two
invariant reactions, namely, (A2) 4 (fcc)(D03) and liq-
uid  (A2) 4 (D03), should be nonexistent in this system.
In order to confirm the absence of the  4    reaction,
a DSC experiment for the Cu-12 at. pct Sn alloy was carried
out, and the DSC result is shown in Figure 5, in which two
endothermic peaks with different characteristics are observed
at 515 °C and 574 °C, respectively. It is seen that the peak
at 515 °C has the feature of an invariant reaction and corre-
sponds to the invariant reaction (D03) 4 (fcc)  , while
the peak without the feature of invariant reaction at 574 °C
is considered to correspond to the second-order transition in
the  phase by combining with the results of HTED, HTXRD,
and diffusion-couple analysis (Figure 6), rather than the reac-
tion (A2) 4 (fcc)  (D03), as reported previously.
[13,15]
The critical ordering temperatures and the equilibrium com-
positions determined in the present study are summarized in
Tables II and III. The proposed version of the phase diagram
in the Cu-rich portion of the Cu-Sn system as determined in
the present work, superimposed with the experimental data,
is shown in Figure 6. It is clear that there exists a two-stage
A2-B2-D03 ordering reaction, rather than an A2/D03 two-phase
equilibrium that is reported in the literature. By comparing
Figures 1 with 6, the A2/B2 ordering-transition line determined
Table II. The B2/D03 Transitions and Phase
Transformation Temperatures in the Cu-Sn System
Determined by DSC
Composition
(At. Pct) B2/D03 Second-Order First-Order
Number Cu Sn Transition (°C) Transition (°C)
1 88 12 574 515
2 84.8 15.2 — —
3 84.7 15.3 — 515
799
4 83.7 16.3 — —
5 83.1 16.9 649 514
575
790
6 80.1 19.9 699 514
620
765
7 77.7 22.3 711 650
740
Table III. A2/B2 Transition and Equilibrium Compositions
in the Cu-Sn System by the Diffusion Couple Method
Equilibrium Compositions (At. Pct Sn)
Temperature (°C) A2/B2 (bcc) Liquid (fcc) (bcc)
730 16.3 22.8 27.9 — —
700 15.2 24.1 34.2 7.8 13.1
650 15.3 — — 8.5 13.8
600 — — — 8.6 14.2
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Table IV. A2/B2 Transition and Equilibrium Compositions of the Cu-Sn-Mn System Determined
by the Diffusion Couple Method
Equilibrium Compositions (At. Pct)
Temperature A2/B2 Transition Fcc Bcc Fcc Cu4MnSn Bcc Cu4MnSn
(°C) Mn Sn Mn Sn Mn Sn Mn Sn Mn Sn Mn Sn Mn Sn
700 4.9 15.2 4.7 6.9 5.1 12.1 — — — — — — — —
7.4 16.0 8.9 5.8 9.9 11.1 — — — — — — — —
10.0 14.5 13.6 5.1 14.7 9.9 — — — — — — — —
— — 18.2 4.2 19.7 8.7 — — — — — — — —
690 7.0 15.5 — — — — — — — — — — — —
650 4.5 15.0 5.0 7.3 5.4 12.8 — — — — 22.8 20.9 17.6 16.3
14.8 10.4 8.9 6.4 10.1 11.6 — — — — 9.4 17.3 18.0 15.5
— — 13.5 4.9 14.9 10.2 — — — — 24.6 12.6 17.0 16.0
— — 18.2 4.2 19.9 9.1 — — — — — — — —
— — 2.6 7.8 3.1 13.2 — — — — — — — —
600 — — 4.7 7.6 5.5 13.3 11.2 5.7 17.0 16.3 12.2 11.2 17.0 16.4
— — 9.1 6.3 10.2 12.0 11.1 5.6 16.8 16.3 8.6 13.5 16.8 16.5
— — 22.8 3.6 24.4 8.4 13.2 5.2 17.4 16.2 6.4 19.1 16.6 16.6
— — — — — — — — — — 28.7 10.4 19.2 15.9
— — — — — — — — — — 23.8 23.8 17.5 16.5
— — — — — — — — — — 9.9 22.3 16.6 16.7
550 — — 4.7 7.8 5.5 13.5 7.5 5.7 16.9 15.2 19.0 25.2 17.4 16.6
— — — — — — 12.7 3.8 16.9 15.2 6.7 24.6 16.5 17.0
— — — — — — 20.7 2.9 18.3 15.8 6.0 13.1 16.5 16.6
— — — — — — 20.7 2.9 18.3 15.8 4.2 18.7 16.5 16.5
— — — — — — 26.1 3.1 19.3 15.2 4.2 18.0 16.4 16.5
— — — — — — 6.3 6.5 16.3 16.2 33.4 9.1 19.2 15.7
— — — — — — — — — — 25.3 25.3 17.4 16.6
Table V. Summary of the Thermodynamic Parameters in the Cu-Sn-Mn System (J/mol)
Liquid: model (Cu, Sn, Mn)











































































































































 15,000 xCu  15,000 xMn  20,000 xSn
LMn,Sn
liq 








 10,000  5.8381 T  (18,000  3.6366 T )(xCu  xSn)  (10,528.4)(xCu  xSn)
2
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Table V. (Continued) Summary of the Thermodynamic Parameters in the Cu-Sn-Mn System (J/mol)
Mn (A12) phase: model (Cu, Sn, Mn)
Cu10Sn3 compound: model (Cu)0.769 (Sn)0.231
Cu3Sn compound: model (Cu)0.75 (Sn)0.25
Cu41Sn11 compound: (Cu)0.788 (Sn)0.212
Cu6Sn5H compound: (Cu)0.545 (Sn)0.455
Cu6Sn5L compound: (Cu)0.545 (Sn)0.455
Cu4SnMn compound: (Cu)0.6666 (Sn)0.1667 (Mn)0.1667
Mn (A13) phase: model (Cu, Sn, Mn)
LMn,Sn
bMn 
 9355  20 T  (77,302  60.177 T) (xMn  xSn)
LCu,Mn
bMn 




°GCu4SnMn  0.6666 °GCu




 11,350  1.116 T
°GCu6Sn5L  0.545 °GCu
fcc  0.455 °GSn
bSn 
 7747.65  0.371 T
°GCu5Sn5H  0.545 °GCu
fcc  0.455 °GSn
bSn 
 7444  0.29 T
°GCu41Sn11  0.788 °GCu
fcc  0.212 °GSn
bSn 
 8860  1.3 T
°GCu3Sn  0.75 °GCu
fcc  0.25 °GSn
bSn 
 11,318.4  3.1 T
°GCu10Sn3  0.769 °GCu
fcc  0.231 °GSn
bSn 
 9191  1.15 T
LMn,Sn
aMn 
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 5 T
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Table V. (Continued) Summary of the Thermodynamic Parameters in the Cu-Sn-Mn System (J/mol)
Fcc (A1) phase: model (Cu, Sn, Mn)
Mn3Sn2 compound: model (Mn)0.6 (Sn)0.4
Mn3Sn compound: model (Mn)0.75 (Sn)0.25
MnSn2 compound: model (Mn)0.333 (Sn)0.667










 4540  9.6 T
0LMn,Sn 






 7500  0.5 T
2LCu,Sn 
 6012.406  9.30645 T
1LCu,Sn 
 111,149.424  52.9747 T
0LCu,Sn 









 20,992  7 T
0LCu,Mn 
 5465.442  3.254 T
800 K  T  3000 K
 8256.959  138.981456 T  28.4512 T ln (T)  1.2307  1025 T 9
505.08 K  T  800 K 2.62313  106 T 3  1,081,244 T1  1.2307  1025 T 9

  2524.724   3.989845 T  8.2590486 T ln (T)  0.016814429 T2
250 K  T  505.08 K 3.121167  106 T 3  61,960 T 1

 5855.135  65.427891 T  15.961 T ln (T )  0.0188702 T 2
100 K  T  250 K 3.192767  106 T 3  18,440 T 1
 °GSn 
 7958.517   122.750027 T  25.858 T ln (T )  5.1185  10
4 T 2
1519 K  T  2000 K
 28,733.41  312.2648 T  48 T ln (T )  31.656847  1030 T 9
298.14 K  T  1519 K 69,827 T 1
 °GMn 
 8115.28   130.059 T  23.4582 T ln (T )  0.00734768 T
2
1358.02 K  T  3200 K 3.64643  1029 T 9

 16,542.33  183.804197 T  31.38 T ln (T )
298.14 K  T  1358.02 K 0.00265684 T 2  1.29223  107 T 3  52,478 T 1
 °GCu 
 7770.458   130.485403 T  24.112392 T ln (T )
°GMn2-xSn  0.643 °GMn
aMn  0.357 °GSn
bSn 
 4365  5.85 T
°GMnSn2  0.333 °GMn
aMn  0.667 °GSn
bSn 
 8666.6667  1.3833 T
°GMn3Sn  0.75 °GMn
aMn  0.25 °GSn
bSn 
 7012.5  2.325 T
°GMn3Sn2  0.6 °GMn
aMn  0.4 °GSn
bSn 
 7272  2 T
LCu,Mn,Sn
fcc 
 (52,460  20 T) xCu  (15,000  20 T) xMn  11,620 xSn
LMn,Sn
fcc 
 32,800  20 T  6000 (xMn  xSn)
LCu,Mn
fcc 
 8642.66  2 T  (13,000  3.1042 T ) (xCu  xMn)
LCu,Sn
fcc 
 33,842.061  33.557 T  (1900  23.3425 T ) (xCu  xSn)  1.0237 T (xCu  xSn)
2
ordering reaction. It is found that the ordering-reaction bound-
ary depends only on the Sn concentration and not on the
Mn concentration. Although the B2/D03 ordering-reaction
boundary could not be determined from the diffusion cou-
ples, estimated ordering loci are shown in Figure 7.
From the sections at 500 °C, 600 °C, and 650 °C, it is
found that a ternary compound with a very small solubility
range is found in the bcc-phase region, whose stability
increases as the temperature decreases. The composition of
this compound is estimated to the formula Cu4SnMn. The
crystal structure of this compound has been reported to be
the AuBe5-type structure.
[33,34,35] A three-phase region is
formed between the Cu4SnMn compound, the fcc phase, and
the bcc phase in the Cu-rich portion. Funk and Rowland
reported a three-phase region (fcc  Cu4Sn  Cu5MnSn2)
in the isothermal section at 550 °C,[36] whereas Leonova
et al. indicated that there is an (fcc  Cu4Sn  Cu4MnSn)
three-phase region in the same section.[37] However, these
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(a) (b)
Fig. 7—Isothermal sections of the Cu-rich portion in the Cu-Sn-Mn system at (a) 700 °C, (b) 650 °C, (c) 600 °C, and (d ) 550 °C determined in the pre-
sent work.
(c) (d)
Fig. 8—Concentration profiles of Sn and Mn in the Cu-10 at. pct Mn/Sn
diffusion couple treated at 700 °C for 1 h.
results differ from those in the present study, which indi-
cates that the three-phase equilibrium is not formed between
the Cu4SnMn compound and the Cu-Sn binary compounds.
V. THERMODYNAMIC CALCULATIONS
Thermodynamic assessments of the Cu-Sn and Mn-Sn binary
systems and the Cu-Sn-Mn ternary system were carried out in
the present work. The thermodynamic calculation of the Cu-Mn
system had also been carried out recently by the present
authors;[38] the calculated phase diagram is shown in Figure 9.
Fig. 9—Calculated phase diagram of the Cu-Mn system.[38]
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Fig. 10—Calculated phase diagram of the Cu-Sn system compared with
the experimental data.
Fig. 11—Calculated Cu-Sn phase diagram with an entire A2/B2 second-
order transition.
Fig. 12—Comparison of the Sn activity between the present and previous
calculations.
The evaluation of the thermodynamic parameters was
made using the computer software PARROT, developed by
Jansson[39] and Sundman et al.,[40] on the basis of the avail-
able experimental data, thermodynamic properties, and phase-
diagram information. Evaluated thermodynamic parameters
are listed in Table V.
A. The Cu-Sn Binary System
On the basis of the present results associated with the
ordering reaction in the bcc phase, the calculation of the
phase diagram for this system including the A2/B2 order-
ing reaction was carried out in the present work, omitting
the B2/D03 ordering reaction.
Optimization was initiated by examining the phase equilib-
ria between the liquid phase, the fcc phase, and the bcc phase
on the basis of the subregular-solution model followed by a
transformation of the bcc-phase parameters from the subregular-
solution model to the two-sublattice model. This was followed
by the introduction of ordering parameters to the disordered
bcc phase to reproduce the A2/B2 ordering reaction. Finally,
the parameters of the compound phases were evaluated.
Figure 10 shows the calculated phase diagram of the Cu-Sn
system with the experimental data.[10–16] It is seen that a good
agreement is obtained between calculated results and experi-
mental data, which included the A2/B2 second-order reaction
boundary. As seen in Figure 10, some experimental data on
the / phase equilibrium reported before are very close to
those of the A2/B2 ordering-reaction boundary determined by
the present work. In addition, the experimental data on the
reaction (A2) 4 (fcc)  (D03) reported previously should
correspond to the (fcc  D03) 4 (fcc  B2) ordering transi-
tion. Figure 11 shows the calculated A2/B2 reaction bound-
ary in the bcc phase over the entire composition, superimposed
on the calculated phase diagram of the Cu-Sn system. The
maximum temperature of this ordering reaction is estimated to
be about 1500 °C. Figure 12 shows a comparison of Sn activ-
ity calculations from the present work and by Shim et al.,[41]
along with some other experimental data.[42,43] A continuous
change in Sn activity is indicated by the present calculation as
one transits the bcc phase from the A2- to the B2-phase region.
A list of maximum ordering reaction temperatures in the
bcc phase of some Cu-X (X: Zn, Al, and Sn) systems is
shown in Figure 13. These results are the calculated ones
on the basis of the Bragg–Williams–Gorsky model[44] and
the sublattice models.[45] It is seen that the ordered bcc phases
in the Cu-Sn system are more stable than those in the Cu-Al
and Cu-Zn systems. It appears that there exists a relationship
between the ordering temperatures and the relative positions
of Cu and X in the periodic table.
B. The Mn-Sn Binary System
Some experimental investigations on the phase-diagram
and thermodynamic properties of the Mn-Sn system have
been previously reported.[46–49] Recently, Stange et al.
reported the Mn2-xSn compound with the Ni2In crystal struc-
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ture and presented the modified phase relation,[50] which was
accepted by Okamoto.[51] A thermodynamic calculation of
the Mn-Sn phase diagram was carried out by Miettinen.[52]
The present thermodynamic assessment of the Mn-Sn phase
diagram is based mainly on the experimental data relating to
the phase equilibria and thermodynamic properties in this sys-
tem. The liquid-phase parameters were first arrived at by esti-
mating the activity, mixing enthalpy, and Gibbs energy,[46–49]
and the other solution phases and compound-phase param-
eters were estimated based on the experimental data of the
phase equilibria.[50,53–55] Figures 14 and 15 show the com-
Fig. 13—Maximum temperatures of ordering reactions of bcc phase in
some Cu-X systems.
parison between the experimental and the calculated activi-
ties of Sn and Mn as well as the Gibbs energy and enthalpy
of mixing using the estimated parameters. The calculated phase
diagram of the Mn-Sn system is shown in Figure 16, where
the Mn2-xSn compound reported by Stange et al.
[50] is described
as (Mn)0.643(Sn)0.357. As seen in Figure 16, the agreement is
quite satisfactory in comparison with the experimental data.
C. The Cu-Sn-Mn Ternary System
A thermodynamic assessment of the Cu-Sn-Mn ternary
system is carried out by using the present experimental data
and combining the thermodynamic assessments of the three
constituent binary systems. Ternary parameters for the bcc,
fcc, and liquid phases were evaluated from the experimental
A2/B2 ordering-reaction data and the fcc/bcc and liquid/bcc
equilibrium phase boundaries.
Fig. 14—Calculated activities of Mn and Sn compared with the experi-
mental data.
Fig. 15—Calculated enthalpy and Gibbs energy compared with the exper-
imental data.
Fig. 16—Calculated Mn-Sn binary phase diagram compared with experi-
mental data.
01-02-507A-1.qxd  27/4/04  17:02  Page 1651
1652—VOLUME 35A, JUNE 2004 METALLURGICAL AND MATERIALS TRANSACTIONS A
(a) (b)
calculated results in the Sn-Mn side need to be confirmed
by further experiments.
VI. CONCLUSIONS
1. It is confirmed by experiment and calculation that an A2-
B2-D03 two-stage ordering reaction, and not the previ-
ously reported / first-order transformation, exists in
the bcc phase of the Cu-Sn system.
The calculated isothermal sections at 700 °C, 650 °C,
600 °C, and 550 °C are shown in Figure 17, showing good
agreement between the calculation and experimental data
(which included the A2/B2 ordering reaction). Two vertical
sections at constant 16.7 at. pct Mn and 16.7 at. pct Sn
contents along the Cu4SnMn compound are shown in
Figure 18. The calculated results show that the Cu4SnMn
compound is stable below about 700 °C.
Since the present optimization was carried out only on
the basis of the experimental data in the Cu-rich portion, the
Fig. 17—Calculated isothermal sections at (a) 700 °C, (b) 650 °C, (c) 600 °C, and (d) 550 °C in the Cu-Sn-Mn system compared with the present experi-
mental data.
(c) (d)
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been carried out based on the experimental results.
Calculated results are in good agreement with the
experimental data, which included the A2/B2 ordering
reaction.
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